INTRODUCTION
============

Cell-based therapies hold substantial promise in regenerative medicine. Some therapies, such as blood transfusion and hematopoietic stem cell transplantation, are widely available and accepted as clinical standard of care ([@R1]); others remain in the preclinical and clinical trial pipelines or have received regulatory approval for specific indications ([@R2], [@R3]). Irrespective of a given candidate therapy's biological target and approach, successful translation requires a robust cell source. Pluripotent and multipotent stem cells and tissue-specific somatic cells are all under investigation: Each population confers a distinct set of advantages and challenges ([@R2], [@R3]), meaning that appropriately targeted clinical therapies will likely depend on different cell sources. Moreover, as experimental advances spur the arrival of sophisticated, multicellular engineered tissue and organ grafts ([@R4]--[@R6]), there is a need to expand the toolbox of source cells available for the myriad applications of regenerative medicine. Desirable features of translationally relevant cells are ease of access with little harvest-related morbidity, plasticity, hypoimmunogenicity or potential for autologous use, and suitability for bespoke applications in isolation or in concert with other cells, scaffolds, and biologics.

Fibrocytes (FCs), first identified 25 years ago ([@R7]), are a subpopulation of leukocytes that are recruited to sites of injury and inflammation, differentiate toward a mesenchymal phenotype, and play a role in both adaptive and maladaptive wound healing ([@R8], [@R9]). FC accumulation and its sequelae have been linked to pathologic severity in human inflammatory and fibrotic disorders ([@R10]--[@R20]); however, FCs are also multipotent ([@R21], [@R22]), hold immunomodulatory capacity ([@R23]), and have shown therapeutic effect in multiple preclinical disease models ([@R23]--[@R25]). Despite their increased acceptance as effector cells in connective tissue remodeling, little is known about the cellular reprogramming that drives FC differentiation from monocyte precursors, the relationship between FCs and other (stromal or nonstromal) cells, and whether the mesenchymal phenotype assumed by mature FCs is fully functional.

Given their plasticity, capacity for mesenchymal function, and therapeutic potential under permissive conditions, we examined whether FCs might, in addition to their much-studied role within the wound milieu, hold value as a cell source for regenerative medicine. We interrogated proteomic and metabolic remodeling during human FC differentiation from adherent monocytes in vitro; tested the ability of FCs to assemble into functional bioengineered stromae, support epithelial maturation in organotypic culture, and survive as connective tissue isografts in vivo; and examined the influence of FCs on fibroblast behavior in an in vitro wound model. This deep phenotypic and functional characterization provides a foundation for future work in FC-based therapeutics.

RESULTS
=======

FC isolation and differentiation in culture
-------------------------------------------

FCs are classically identified by coexpression of markers associated with both mesenchymal \[e.g., prolyl-4-hydroxylase β (P4HB), collagen type I (COL1)\] and hematopoietic (e.g., CD11b, CD34, and CD45) lineages, as well as fibroblastic morphology in tissue and following in vitro culture ([@R9]). To date, most characterization research has focused on mature, differentiated FCs ([@R26], [@R27]); there are fewer data describing FCs (or their precursors) in circulating blood, particularly in healthy donors ([@R11], [@R28]). One reason for this is the challenge of separating FCs from other leukocyte subpopulations, which share many surface markers and can also synthesize collagen under certain conditions ([@R29]). We previously validated an FC detection panel in a rat vocal fold (VF) mucosal injury model, defined by positive expression of the collagen synthesis enzyme P4HB and leukocyte-specific integrin CD11b and negative expression of the leukocyte-specific Fcγ receptor CD16 ([@R30]). As FC precursors arise from a subset of CD11b^+^ monocytes ([@R31]) but are CD16^−^ ([@R9]), we reasoned that negative selection of CD16^+^ cells would eliminate contaminating monocytes, granulocytes, and natural killer cells, yielding an ultrapure FC population for downstream analysis. We performed flow cytometry of human peripheral blood mononuclear cells (PBMCs) and found that 5.8 to 8.7% of circulating CD16^−^ cells were P4HB^+^CD11b^+^ FCs ([Fig. 1, A and B](#F1){ref-type="fig"}). CD16^−^P4HB^+^CD11b^+^ FCs comprised 0.7 to 1.5% of the PBMC population and exhibited volume and granularity properties associated with the monocyte subpopulation ([Fig. 1C](#F1){ref-type="fig"}), consistent with their reported lineage ([@R31], [@R32]). They also expressed the hematopoietic (and FC) markers CD34 and CD105, as well as the β-1 integrin CD29 ([Fig. 1D](#F1){ref-type="fig"}) ([@R9]), further supporting the specificity of our detection panel.

![Flow cytometric characterization of circulating human FCs.\
(**A**) CD16 expression in freshly isolated PBMCs. The gate represents the CD16^−^ subpopulation. (**B**) P4HB and CD11b expression in the CD16^−^ subpopulation. (**C**) Forward scatter (FSC) and side scatter (SSC) features of P4HB^+^CD11b^+^CD16^−^ FCs (black) compared to all live cells (gray). (**D**) CD29, CD34, and CD105 expression in P4HB^+^CD11b^+^CD16^−^ FCs.](aav7384-F1){#F1}

The reliance of FC identification upon intracellular staining of P4HB (or COL1) via fixation and membrane permeabilization has rendered FC precursor cell sorting and in vitro investigation impossible with current technology. Previous in vitro studies have therefore relied on culture-induced differentiation of FCs from adherent monocytes, following plating of PBMCs or splenocytes. Using a primary readout of FC yield, these studies have refined cell isolation and culture parameters ([@R33], [@R34]) and identified an array of signaling cells and molecules that either promote or inhibit FC differentiation ([@R31], [@R35]--[@R38]). There remains, however, little understanding of the cell biology of FC differentiation itself. We used a standard culture technique \[suspension of freshly isolated PBMCs in serum-supplemented Dulbecco's modified Eagle's medium (DMEM); plating at 1 × 10^5^ to 5 × 10^5^ cells/cm^2^ density on culture substrate with medium change every 48 hours\] ([@R39]) and assayed differentiating FCs at 1, 7, and 14 days. A subset of adherent monocytes showed early somatic protrusions at day 1 ([Fig. 2A](#F2){ref-type="fig"}); the majority developed bipolar (or multipolar) fibroblastic morphology over 14 days, steadily increasing in both volume and granularity ([Fig. 2, A and B](#F2){ref-type="fig"}). P4HB expression increased with culture duration, whereas CD11b expression remained static ([Fig. 2C](#F2){ref-type="fig"} and fig. S1A). Differentiated FCs retained positive expression of the previously reported monocyte lineage marker CD14, as well as the progenitor cell homing receptor CXCR4 (also known as CD184) (fig. S1B).

![Characterization of human FC differentiation in vitro.\
(**A**) Phase-contrast images showing cell morphology after 1, 7, and 14 days in monolayer culture. White arrows indicate early somatic protrusions. Scale bar, 50 μm. (**B**) FSC and SSC features on flow cytometry at 1, 7, and 14 days. (**C**) P4HB and CD11b expression at 1, 7, and 14 days. Fluorescence minus one (FMO) controls are shown in gray. (**D**) Venn diagram summarizing proteome coverage at 1, 7, and 14 days (*n* = 3 per condition). (**E**) Scatterplot matrix summarizing correlation analysis of log~2~ LFQ intensities (relative protein abundances) at 1, 7, and 14 days (*n* = 3 per condition). Correlation coefficients corresponding to each scatterplot (calculated using Pearson's *r*) are represented by the heatmap overlay. (**F**) Hierarchical clustering analysis of log~2~ LFQ intensities in PBMCs and differentiating FCs at 1, 7, and 14 days (*n* = 3 per condition). (**G**) Volcano plots summarizing differential protein abundance at 1 day versus 7 days and 7 days versus 14 days (*n* = 3 per condition). Gray curves denote cutoff criteria, generated in Perseus; *P* values were calculated using Student's *t* test. The table lists Reactome pathway terms significantly enriched in the protein set overrepresented at 7 days compared to 1 day; the dashed rectangle highlights the specific proteins associated with enrichment of both terms. The term list was generated using Enrichr; *P* values were calculated using Fisher's exact test with Benjamini-Hochberg adjustment. Additional enrichment data are presented in table S1. (**H**) Real-time OCRs of differentiating FCs at 1 and 7 days (*n* = 10 per condition). Black arrows indicate timing of injection of the specified compounds. Data are shown as means ± SEM. Additional analyses are presented in fig. S2A. (**I**) Real-time extracellular acidification rates of differentiating FCs at 1 and 7 days (*n* = 4 per condition). Black arrows indicate timing of injection of the specified compounds. Data are shown as means ± SEM. Additional analyses are presented in fig. S2B.](aav7384-F2){#F2}

Having obtained robust FC differentiation in vitro, we conducted liquid chromatography--tandem mass spectrometry to assess cellular proteome changes associated with the transition of adherent monocytes to differentiated FCs. We implemented a 1% false discovery rate (FDR) and identified 981, 776, and 794 proteins at 1, 7, and 14 days, respectively; the greatest overlap in protein identification was between the 7- and 14-day conditions ([Fig. 2D](#F2){ref-type="fig"}). We further measured relative protein abundances using label-free quantification (LFQ) of spectral intensity ([@R40]) and evaluated group relationships via correlation and hierarchical clustering analyses. Log~2~ LFQ intensity correlations were strongest between the 7- and 14-day samples (*r* = 0.84 to 0.92) and weakest between the 1- and 14-day samples (*r* = 0.70 to 0.78; [Fig. 2E](#F2){ref-type="fig"}). Hierarchical clustering, performed with the inclusion of an autologous PBMC condition, organized the samples into early (PBMCs and 1 day) and late (7 and 14 days) FC differentiation phases ([Fig. 2F](#F2){ref-type="fig"}). As the greatest shift in proteome composition (as well as the most marked change in cell morphology; [Fig. 2A](#F2){ref-type="fig"}) occurred during the initial 7-day period, we further interrogated the set of significantly overabundant proteins at 7 days compared to 1 day ([Fig. 2G](#F2){ref-type="fig"} and table S1). Enrichment analysis using the Reactome pathway database ([@R41]) revealed significant up-regulation of cellular metabolism at 7 days, driven by a core set of 10 enzymes that are associated with lipid \[e.g., long-chain fatty acid--coenzyme A ligase 1 (ACSL1)\] and glucose \[e.g., lysosomal α-glucosidase (GAA), fructose-1,6-bisphosphatase 1 (FBP1)\] metabolism.

We sought to validate these proteomic data by characterizing cellular bioenergetics during the first 7 days of FC differentiation. Given the identification of enzymes associated with utilization of both lipids and glucose as cellular energy sources, we assayed mitochondrial respiration and glycolysis. FCs exhibited a significantly greater basal oxygen consumption rate (OCR) at 7 days compared to 1 day, consistent with increased oxidative phosphorylation within mitochondria ([Fig. 2H](#F2){ref-type="fig"}). We further probed mitochondrial function by measuring real-time OCR during sequential treatment with the adenosine triphosphate inhibitor oligomycin, the protonophore and uncoupling agent carbonyl cyanide *p*-trifluoromethoxyphenyl-hydrazone (FCCP), and the electron-transport chain inhibitors antimycin A and rotenone. FCs at 7 days had greater maximum and reserve respiratory capacities; FCs at 1 day were operating near maximum capacity with no available reserve (fig. S2A). In contrast with this increase in mitochondrial fitness, differentiating FCs exhibited comparable basal extracellular acidification rates at 1 and 7 days, suggesting no difference in baseline glycolytic activity ([Fig. 2I](#F2){ref-type="fig"}). Sequential treatment with glucose, oligomycin, and the glycolysis inhibitor 2-deoxyglucose revealed greater glycolytic capacity in the 7-day cells (fig. S2B).

These metabolic profiles indicate that differentiating FCs maintain a bivalent energy production phenotype while undergoing a substantial increase in metabolic capacity between 1 and 7 days. This increased capacity favors oxidative phosphorylation. To examine whether FC metabolic reprogramming is solely associated with differentiation or also supports proliferation, we additionally examined in vitro colony formation and population growth. During the initial 7-day differentiation period, most FC colonies were limited to 10 to 20 cells that exhibited greater maturity (larger cell size and longer somatic projections) at the periphery (fig. S1C). We rarely observed large, well-developed colonies; we never observed colony formation following subculture. Cell count data confirmed limited FC proliferation (fig. S1D), consistent with previous reports ([@R13]), alongside no evidence of cell membrane damage or death (fig. S1E). These data suggest that metabolic reprogramming during early FC differentiation does not support cell proliferation as well.

Assessment of mesenchymal function and potential for stromal replacement
------------------------------------------------------------------------

A definitive feature of FCs is their ability to extravasate from the vasculature and assume a mesenchymal phenotype ([@R32]). To evaluate how closely differentiated FCs resemble classic mesenchymal lineage cells in humans, we compared the 14-day FC proteome to those of primary bone marrow--derived mesenchymal stromal cells (MSCs) and fibroblasts isolated from skin \[dermal fibroblasts (DFs)\] and upper airway mucosa \[VF fibroblasts (VFFs)\]. FCs exhibited a distinct proteomic signature compared to the other cell populations ([Fig. 3, A and B](#F3){ref-type="fig"}), suggesting a unique (i.e., non-mesenchymal or non-classic mesenchymal) phenotype. Enrichment analysis of the differentially abundant proteins that defined the two largest hierarchical clusters (labeled according to mesenchymal or hematopoietic origin in [Fig. 3B](#F3){ref-type="fig"}) identified the mesenchymal cells as more engaged in matrix synthesis and organization, as well as more proliferative; in contrast, FCs were more engaged in cellular metabolism, reactive oxygen and nitrogen species production, and immunologic signaling ([Fig. 3C](#F3){ref-type="fig"} and tables S2 and S3).

![Mesenchymal features of differentiated human FCs.\
(**A**) Scatterplot matrix summarizing correlation analysis of log~2~ LFQ intensities (relative protein abundances) in FCs compared to MSCs, DFs, and VFFs (*n* = 3 per condition). Correlation coefficients corresponding to each scatterplot (calculated using Pearson's *r*) are represented by the heatmap overlay. (**B**) Hierarchical clustering analysis of log~2~ LFQ intensities in all cell types (*n* = 3 per condition). (**C**) Volcano plot summarizing differential protein abundance across the two largest hierarchical clusters \[FCs (hematopoietic origin) compared to MSCs, DFs, and VFFs (mesenchymal origin); *n* = 3 per condition\]. Gray curves denote cutoff criteria, generated in Perseus; *P* values were calculated using Student's *t* test. The tables list the top three Reactome pathway terms significantly enriched in the protein set overrepresented in MSCs, DFs, and VFFs (left) or FCs (right). Term lists were generated using Enrichr; *P* values were calculated using Fisher's exact test with Benjamini-Hochberg adjustment. Additional enrichment data are presented in tables S2 and S3. (**D**) FC contractility in collagen matrix over 96 hours, compared to VFF and no-cell controls. Scale bar, 5 mm. (**E**) H&E-stained sections showing morphology of engineered mucosae generated using FCs or VFFs as the stromal cell source. Scale bar, 50 μm. (**F**) DiI-labeled, FC-derived engineered stromae in organotypic culture and 14 days after subrenal capsule xenoimplantation in rats. Scale bar, 50 μm. (**G**) CD3^+^ T cell infiltration of FC-derived engineered iso-, allo-, and xenografts, 90 days after implantation in rats. Dashed black contour lines indicate the boundary of each graft. Scale bars, 2 mm (gross specimen) and 50 μm (sections). ROS, reactive oxygen species; RNS, reactive nitrogen species.](aav7384-F3){#F3}

Despite their distinct proteomic signature, we pursued additional experiments to assess the capacity of differentiated FCs to operate as functional stromal cells, with a view to their use for bioengineering autologous connective tissues. We reasoned that FCs hold potential as a tissue engineering cell source because of the following: (i) Despite phenotypic differences with MSCs and fibroblasts, FCs are collagen-producing cells ([Fig. 2C](#F2){ref-type="fig"} and fig. S1A) ([@R13]). (ii) Similar to multipotent MSCs and fibroblasts ([@R42], [@R43]), FCs can be directed into chondrogenic, osteogenic, and adipogenic lineages ([@R21], [@R22]). (iii) Immunosignaling by FCs primarily involves antigen presentation via major histocompatibility complex (MHC) class II molecules ([@R44]) (which is of limited concern in an autologous therapy paradigm), and adoptive cell transfer of syngeneic FCs is well tolerated and, in certain scenarios, immunomodulatory ([@R23], [@R24]).

First, we assessed cytoskeletal contractility by seeding differentiated FCs in a three-dimensional collagen matrix. FCs exhibited moderate contractility over 96 hours compared to VFF-positive controls ([Fig. 3D](#F3){ref-type="fig"}), consistent with previous work comparing FCs to DFs ([@R32]). In organotypic coculture ([@R6]), collagen-encapsulated FCs supported the proliferation and stratification of VF epithelial cells, yielding mucosae that were indistinguishable from those engineered using VFFs as the stromal cell source ([Fig. 3E](#F3){ref-type="fig"}). Next, as CD14^+^ monocytes can assume an epithelial phenotype under permissive conditions ([@R45], [@R46]), we cultured adherent monocytes in epithelial cell--oriented medium in an attempt to derive functional epithelial cells that could be cocultured with FCs to engineer blood-sourced, multicellular, autologous tissues. At 14 days, the cultured cells expressed the epithelial progenitor markers ∆N-tumor protein 63 and keratin 5, as well as the junctional protein E-cadherin (CDH1, also known as CD324; fig. S3A). They exhibited a cuboidal morphology with no somatic protrusions (fig. S3B) and, in some cases, self-assembled into cellular chains (fig. S3C). Despite having these epithelial cell features, however, the cells were unable to mature beyond a monolayered epithelium in organotypic coculture (fig. S3D), irrespective of the stromal cell source and despite culture conditions favoring stratification.

Given the limited functionality of these monocyte-derived epithelial cells, we focused on the FC-derived stroma and conducted in vivo survival and immunotolerance assays. We used a rat subrenal capsule graft assay based on its precedence in immunobiology ([@R47]) and because rats have sufficient blood volumes and FC yields to allow stromal engineering. Brown Norway (BN/Crl; MHC haplotype RT1^n^) and Lewis (LEW/Crl; MHC haplotype RT1^I^) strain rats were each implanted with a subrenal capsule isograft (BN-to-BN; LEW-to-LEW), contralateral to an allograft (BN-to-LEW; LEW-to-BN) or xenograft (human-to-BN or human-to-LEW). We initially labeled mature FCs with the lipophilic dye DiIC~18~ ([@R3]) (DiI) and identified FC survival and localization within the grafts for 14 days after implantation ([Fig. 3F](#F3){ref-type="fig"}), after which the dye signal faded to background autofluorescence levels, presumably due to either in vivo proliferation, cell-to-cell transfer, or leakage of DiI across the cell membrane ([@R48]). At 90 days after implantation, all grafts were intact ([Fig. 3G](#F3){ref-type="fig"}). The allografts and xenografts exhibited minimal and moderate infiltration by CD3^+^ T cells, respectively, whereas the contralateral isografts showed no evidence of infiltration, consistent with self-tolerance by the adaptive immune system.

Together, these experiments support the use of differentiated FCs as an autologous cell source for bioengineering connective tissues. As FCs exhibit limited in vitro proliferation with standard isolation and culture techniques (fig. S1D), we explored additional strategies to maximize FC yield for translational applications. Previous work has shown enhanced differentiation efficiency when PBMCs are plated at \~8 × 10^4^ cells/cm^2^ density on plastic and cultured in serum-free medium ([@R33]); however, withholding serum yields FCs with substantial phenotypic differences compared to those obtained using a standard approach ([@R49]). We therefore maintained serum supplementation and assessed an array of adhesion-promoting culture substrates, as well as the method used to isolate PBMCs from whole blood. FC yield at 14 days was highest on a commercial substrate derived from human plasma (MesenCult-SF; STEMCELL Technologies), followed by in-house preparations of human plasma and a collagen-fibronectin-serum albumin cocktail; yields were lowest (and FCs were morphologically less mature) on Matrigel, collagen, and plastic ([Fig. 4A](#F4){ref-type="fig"}). Furthermore, FC yield at 14 days was 2.5- to 7.5-fold higher when PBMCs were isolated using ammonium-chloride-potassium (ACK) lysis of red blood cells, compared to density centrifugation with polyester gel separation (Vacutainer CPT; BD Biosciences) ([Fig. 4B](#F4){ref-type="fig"}). Follow-up analyses confirmed that the PBMC isolation method had no effect on FC differentiation at the proteome level ([Fig. 4, C to F](#F4){ref-type="fig"}).

![Optimization of human FC yield.\
(**A**) Effect of culture substrate on FC yield. Data in the time-course plot are shown as means ± SEM. The *P* value was calculated using analysis of variance (ANOVA) (*n* = 4 to 12 per condition). The phase-contrast images show FC morphology at 14 days. Scale bar, 200 μm. (**B**) Effect of the PBMC isolation method \[Vacutainer CPT (vac) versus ACK lysis (lysis) of red blood cells\] on FC yield. The *P* value was calculated using Student's *t* test (*n* = 6 per condition). The phase-contrast images show FC morphology at 14 days. Scale bar, 25 μm. (**C**) Venn diagram summarizing proteome coverage in FCs differentiated following vac or lysis (*n* = 3 per condition). (**D**) Scatterplot matrix summarizing correlation analysis of log~2~ LFQ intensities (relative protein abundances) in FCs differentiated following vac or lysis (*n* = 3 per condition). Correlation coefficients corresponding to each scatterplot (calculated using Pearson's *r*) are represented by the heatmap overlay. (**E**) Hierarchical clustering analysis of log~2~ LFQ intensities in FCs differentiated following vac or lysis (*n* = 3 per condition). (**F**) Volcano plot summarizing differential protein abundance in FCs differentiated following vac or lysis (*n* = 3 per condition). Gray curves denote cutoff criteria, generated in Perseus; *P* values were calculated using Student's *t* test.](aav7384-F4){#F4}

FCs promote fibroblast migration and wound closure via paracrine CXCL8 signaling
--------------------------------------------------------------------------------

FCs are associated with normal and aberrant wound healing; however, their role in the complex, multicellular wound milieu is controversial. Although FCs mobilize and migrate to wound sites ([@R24], [@R32]) and are detectable in circulation and fibrotic lesions at concentrations that correlate with pathologic severity ([@R11], [@R12], [@R14]), robust in vivo knockout data indicate that FCs synthesize minimal COL1 during matrix remodeling and are nonessential for fibrosis ([@R50]). Rather, FCs may primarily influence wound healing via paracrine signaling of tissue-resident cells, including fibroblasts ([@R51], [@R52]). To investigate this putative function, we assessed the influence of cocultured FCs on fibroblast behavior in an in vitro scratch assay. Monolayered VFFs and DFs received uniform scratch wounds and were immediately exposed to FCs via a Transwell insert. In this system, a 0.4-μm-pore--sized membrane allows transmission of secreted molecules but prevents direct-contact cellular signaling. Coculture with FCs resulted in greater fibroblast repopulation of the wound region at 20 hours compared to scratch-only controls, consistent with a paracrine effect ([Fig. 5A](#F5){ref-type="fig"}). To determine whether this positive FC effect was associated with fibroblast proliferation, migration, or both, we measured cell density adjacent to the wound edge and performed immunohistochemistry for the proliferation marker Ki-67 (KI67), the microfilament protein F-actin (F-ACT), and the focal adhesion and spreading enzyme protein tyrosine kinase 2 (PTK2, also known as focal adhesion kinase). FCs had no impact on fibroblast density, KI67 expression, or overall F-ACT abundance adjacent to the wound edge but were associated with significantly increased PTK2 abundance within F-ACT^+^ fibroblast clusters ([Fig. 5B](#F5){ref-type="fig"}). This suggests that FCs promote in vitro wound closure by up-regulating fibroblast motility, potentially via PTK2 ([@R53]).

![FCs promote fibroblast migration and wound closure via paracrine CXCL8 signaling.\
(**A**) In vitro repopulation of linear scratch wounds in fibroblast monolayers, with and without FC coculture. Scale bar, 500 μm. Data in the bar graphs are shown as means ± SEM. *P* values were calculated using Student's *t* test (*n* = 3 to 6 per condition). (**B**) Cell density, as well as F-ACT, KI67, and PTK2 immunostaining patterns at 20 hours. White arrows indicate KI67^+^ nuclei; yellow arrows indicate F-ACT^+^PTK2^+^ cytoskeletal structures. Scale bars, 50 μm. Data in the bar graphs are shown as means ± SEM. *P* values were calculated using ANOVA (*n* = 6 to 18 per condition); n.s., not significant. (**C**) Differential cytokine production by FCs compared to VFFs, cultured under basal conditions for 24 hours. Data are shown as a single value per cytokine, assayed using pooled culture supernatant (*n* = 6 per condition); n.d., not detected. Raw concentration data are presented in table S4. TNF, tumor necrosis factor; IL, interleukin; IFNG, interferon-g; CSF2, colony-stimulating factor 2. (**D**) Effect of CXCL8 signaling inhibition on FC promotion of wound repopulation. Scale bar, 500 μm. Data in the bar graph are shown as means ± SEM. *P* values were calculated using ANOVA (*n* = 4 to 10).](aav7384-F5){#F5}

To identify candidate signaling molecule(s) that might account for the FC effect on fibroblast motility, we assayed cytokine secretion using a multiplexed protein array. Under basal culture conditions and compared to VFFs, FCs secreted higher amounts of all cytokines detected in our panel ([Fig. 5C](#F5){ref-type="fig"} and table S4). The greatest difference (a \~200-fold higher concentration in FC culture supernatant) was observed for the chemokine CXCL8 (also known as interleukin-8). Therefore, following a dose-response screen (Materials and Methods), we repeated the VFF scratch assay with the addition of an anti-CXCL8 neutralizing antibody or the drug reparixin, which acts as a CXCL8 inhibitor by allosterically binding and preventing activation of its primary receptors, CXCR1 and CXCR2 ([@R54]). In the presence of FCs, anti-CXCL8 (10 μg/ml) suppressed and 200 nM reparixin arrested VFF migration and repopulation of the wound region ([Fig. 5D](#F5){ref-type="fig"}). These data indicate that FCs promote fibroblast migration and in vitro wound closure via paracrine CXCL8 signaling.

DISCUSSION
==========

Our data show that FCs hold potential as an autologous cell source for regenerative medicine applications. This conclusion is notable, given that FCs have a reputation as key effector cells in chronic inflammation and fibrosis ([@R8]); however, FCs share the multipotent capacity of other mesenchymal progenitors ([@R21], [@R22]) and have shown therapeutic effect following adoptive transfer (or exosome delivery) in multiple preclinical disease models ([@R23]--[@R25]). Our results align with, and expand upon, these previous reports by showing that in vitro--differentiated FCs can be used to bioengineer functional connective tissues and by demonstrating one signaling mechanism by which FCs influence fibroblast behavior in a wound context. This research provides a foundation for future investigation of FC-based therapeutics; moreover, it provides a rationale for ongoing mechanistic work examining how FCs, like other monocyte lineage cells ([@R55]), exhibit starkly different phenotypes in response to their differentiation state and milieu.

FCs share a number of phenotypic features with MSCs, making it important to clarify whether these cell populations are distinct or overlapping. FCs and MSCs have similar morphologic and mesenchymal characteristics, are plastic adherent and multipotent in vitro, can synthesize cytokines including CXCL8 ([@R56]), and have regenerative potential. In addition, although classically isolated from bone marrow, adipose tissue, and other stromal sources, MSCs have been identified in peripheral blood ([@R57], [@R58]). Despite these shared characteristics, FCs and MSCs have substantially different in vitro proliferation capabilities, proteomes, and cell-surface immunophenotypes: FCs express cell surface markers consistent with their hematopoietic lineage (e.g., CD11b, CD14, CD34, and CD45) ([@R9]); in contrast, MSCs lack expression of these markers by definition ([@R59]), and peripheral blood--derived MSCs are isolated from the CD45^−^ subset of circulating cells ([@R58]). This clear separation by lineage supports the notion that FCs and MSCs are phenotypically distinct.

Last, although defined by core characteristics, fibroblasts and MSCs are heterogeneous cell populations marked by phenotypic variation across donors, tissue sites (e.g., bone marrow versus adipose tissue), tissue subsites (e.g., upper versus lower dermis), individual clones, and individual cells ([@R60]--[@R62]). To our knowledge, there are no published data showing such biological heterogeneity among FCs; however, it is highly likely and therefore an important area of future investigation. Our findings help to define the human FC phenotype at the population level but, in doing so, might also mask biologically meaningful differences across and within FC subpopulations. These differences could be interrogated using single-clone and single-cell profiling of transcript and protein abundance, as well as cell behavior.

MATERIALS AND METHODS
=====================

Blood cell isolation and primary culture
----------------------------------------

Normal human peripheral blood samples were procured from leftover clinical specimens with the approval of the University of Wisconsin Health Sciences Institutional Review Board. The deidentified human donors were restricted to adult males and females with no known hematopoietic or immunologic disorders; all blood was processed within 4 hours of clinical venipuncture. Normal rat peripheral blood samples were obtained from experimentally naïve animals via jugular venipuncture with approval of the University of Wisconsin School of Medicine and Public Health Animal Care and Use Committee. PBMCs were isolated using either Vacutainer CPT tubes (BD Biosciences) or following ACK lysis of red blood cells (RBC lysis buffer, 5 to 6 min of incubation; eBioscience), according to the manufacturers' protocols.

For FC purification and differentiation, freshly isolated PBMCs were rinsed and resuspended in complete medium \[DMEM containing 10% fetal bovine serum (FBS) and antibiotic-antimycotic solution (100 U/ml; Sigma-Aldrich)\] and seeded at a density of 1 × 10^5^ to 5 × 10^5^ cells/cm^2^ on a culture substrate \[MesenCult-SF (40 μg/ml; STEMCELL Technologies) or, where indicated, one of the following: Vacutainer-isolated human plasma, diluted 1:1 (v/v) in DMEM; Earle's Balanced Salt Solution (EBSS) containing COL1 (30 μg/ml), fibronectin (10 μg/ml), and bovine serum albumin (BSA; 10 μg/ml) ([@R63]); growth-factor--reduced Matrigel (200 μg/ml; Corning); COL1 (100 μg/ml); or plastic\]. Cells were cultured at 37°C in 5% CO~2~ with medium change every 48 hours.

For monocyte-derived epithelial cell differentiation (beginning 3 days after PBMC seeding and culture), cells were transitioned to epithelial medium \[DMEM/Ham's F-12 supplemented with bovine pituitary extract (15 μg/ml), epidermal growth factor (10 ng/ml), epinephrine (0.5 μg/ml), insulin (5 μg/ml), transferrin (10 μg/ml), triiodo-[l]{.smallcaps}-thyronine (10 ng/ml), hydrocortisone (0.5 μg/ml), retinoic acid (0.1 ng/ml), BSA (1.5 μg/ml), antibiotic-antimycotic solution (100 U/ml), and 1% FBS (all reagents from Sigma-Aldrich)\] ([@R63]). Cells were cultured at 37°C in 5% CO~2~ with medium change every 48 hours.

Phase-contrast images of live cells were captured using an Olympus CKX41 inverted microscope and a SPOT RT color digital camera (Diagnostic Instruments). To eliminate artifacts caused by incomplete FC detachment during trypsinization, we avoided hematocytometry and performed cell counts using low-magnification (4×) images of each well. We randomly selected four image fields per well, counted every cell in each field, and normalized the total to either cells per square millimeter (comparison of FC yield on various culture substrates) or cells per milliliter of whole blood (comparison of FC yield following Vacutainer CPT or ACK lysis isolation of PBMCs). Cell morphology was imaged at 10× and 20× magnification.

Nonblood cell isolation and primary culture
-------------------------------------------

All primary human tissues and nonblood cells were procured or purchased commercially with approval of the University of Wisconsin Health Sciences Institutional Review Board. Normal VFFs and epithelial cells were isolated from three donors (58-year-old Caucasian female, 61-year-old Caucasian male, and 66-year-old Caucasian male) undergoing total laryngectomy with no clinical evidence of VF pathology, as previously described ([@R6]). Normal DFs were purchased from the American Type Culture Collection (ATCC) (40-year-old Asian female) and Lonza (42-year-old African American female and 59-year-old Caucasian male).

Normal bone marrow--derived MSCs were purchased from ATCC or isolated from leftover clinical specimens as previously described ([@R64]). Briefly, cells were isolated from filters retained after bone marrow harvest from donors (with no known hematopoietic or immunologic disorders) to human leukocyte antigen-matched sibling recipients. Specimens were rinsed in phosphate-buffered saline (PBS), and mononuclear cells were isolated using Ficoll-Hypaque (1.073 g/ml; GE Healthcare) and Leucosep tubes (Greiner Bio-One), according to manufacturer protocols. Following ACK lysis of red blood cells (3-min incubation), mononuclear cells were suspended in α-MEM containing 10% FBS (HyClone), 1× nonessential amino acids, and 4 mM [l]{.smallcaps}-glutamine (Sigma-Aldrich). Cells were cultured on plastic at 37°C in 5% CO~2~ with medium change every 72 hours. Nonadherent cells were removed at the first medium change; adherent cells were passaged before confluence and characterized as MSCs according to criteria of the International Society for Cellular Therapy ([@R59]).

Before experimental use, primary VFFs, DFs, and MSCs were seeded at a density of 0.5 × 10^4^ to 1.0 × 10^4^ cells/cm^2^ on plastic and cultured in complete medium at 37°C in 5% CO~2~. Medium was changed every 48 to 72 hours. Primary VF epithelial cells were seeded at a density of 0.5 × 10^4^ to 1.0 × 10^4^ cells/cm^2^ on a matrix substrate \[EBSS containing COL1 (30 μg/ml), fibronectin (10 μg/ml), and BSA (10 μg/ml)\] ([@R63]) and cultured in epithelial medium at 37°C in 5% CO~2~. Medium was changed every 24 to 48 hours.

Organotypic culture
-------------------

Purified rat tail COL1 (BD Biosciences) was prepared according to the manufacturer's instructions and seeded with 2 × 10^5^ stromal cells (VFFs or FCs)/ml, yielding a final COL1 concentration of 2.4 mg/ml. The cell-scaffold mixture was then added to the apical chamber of a 24-well culture insert and polymerized at 37°C for 40 min. Complete medium was added to both apical and basolateral chambers; the cells were maintained in organotypic culture for up to 14 days with medium change every 24 hours.

A subset of organotypic cultures were seeded with epithelial cells following 24 hours in complete medium. VF or monocyte-derived epithelial cells were seeded on the polymerized scaffold surface within the apical chamber at a density of 2 × 10^5^ cells per well. Epithelial medium was added to the apical chamber; a 1:1 ratio of complete and epithelial medium was added to the basolateral chamber. After an additional 48 hours in culture, the epithelial medium was aspirated from the apical chamber, leaving the epithelial cells at the air-liquid interface. The cells were maintained in organotypic culture for a total of 14 days with basolateral chamber medium change every 24 hours.

Rat transplantation experiments
-------------------------------

Brown Norway (BN/Crl; MHC haplotype RT1^n^) and Lewis (LEW/Crl; MHC haplotype RT1^I^) rats aged 12 weeks were used for all in vivo experiments (Charles River Laboratories). All protocols were approved by the University of Wisconsin School of Medicine and Public Health Animal Care and Use Committee. Peripheral blood (up to 2 ml) was drawn from a subset of animals via jugular venipuncture and processed for PBMC isolation (via ACK lysis), followed by FC differentiation (14-day culture duration) and organotypic culture (an additional 14-day culture duration). Donor rats did not serve as graft recipients. Recipient rats were implanted with a subrenal capsule isograft (BN-to-BN; LEW-to-LEW), contralateral to an allograft (BN-to-LEW; LEW-to-BN) or xenograft (human-to-BN or human-to-LEW) and monitored for up to 90 days. Acellular polymerized COL1 served as a negative control. Grafts were harvested at the experimental endpoint and processed for histology and immunohistochemistry.

A subset of organotypic cultures intended for in vivo transplantation were rinsed in PBS and incubated in Vybrant CM-DiI cell-labeling solution (5 μM; Life Technologies) at 37°C for 5 min, followed by 4°C for 5 min. The staining procedure was stopped by adding 2:1 v/v complete medium, rinsing in PBS, and returning the organotypic culture to complete medium.

Fibroblast scratch experiments
------------------------------

Fibroblasts were seeded in 24-well plates at a density of 2 × 10^4^ cells per well and cultured in complete medium for 48 to 72 hours, until 75% confluent. The cells were then serum-starved for 4 hours. A linear scratch injury was created across the cell monolayer using a sterile 1000-μl pipette tip, the cells were rinsed in serum-free medium, and a culture insert containing either 3 × 10^4^ differentiated FCs (seeded in the apical chamber \~24 hours prior and cultured) or no cells was placed in each well. The cells were cultured in serum-free medium for an additional 20 hours and then processed for histology and immunocytochemistry.

We conducted additional experiments with the addition of an anti-CXCL8 neutralizing antibody (MAB208; R&D Systems) or reparixin (HY-15251; MedChem Express) following the scratch injury. We based our dosing regimen on published work ([@R65], [@R66]) and the following pilot. A dose-response screen showed greater suppression of fibroblast migration following treatment with 10 μg/ml, compared to 5 μg/ml, anti-CXCL8, as well as with 200 nM, compared to 100 nM, reparixin. Treatment with 400 nM reparixin resulted in loss of fibroblast adhesion and widespread detachment from the culture plate. We therefore used anti-CXCL8 (10 μg/ml; 20 hours post-scratch incubation time, concurrent with FC coculture) or 200 nM reparixin \[30 min post-scratch incubation time, concurrent with the initiation of FC coculture (extended incubation time also caused fibroblast detachment)\] for all experiments.

Cell metabolism assays
----------------------

OCR and extracellular acidification rate (ECAR) were measured using the Seahorse XF96 extracellular flux instrument, the Mito and Glycolysis Stress Test kits, and manufacturer protocols (Agilent Technologies). Cells were seeded on Seahorse XF96 (96-well) plates at a density of 2 × 10^5^ cells per well, in 200 μl of complete medium per well. After 24 hours of culture (37°C in 5% CO~2~), the cells were rinsed and the medium was replaced with 175 μl of assay-specific medium \[for Mito stress test, Seahorse XF base medium was supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose (pH 7.4); for glycolysis stress test, Seahorse XF base medium was supplemented with 1 mM glutamine (pH 7.4)\]. The cells were then incubated at 37°C with no CO~2~ for 1 hour.

Before starting the assays, each culture plate was placed on a sensor cartridge that had been hydrated in Seahorse XF calibrant (pH 7.4) at 37°C with no CO~2~ overnight. The assays were run with real-time collection of OCR and ECAR data over \~75 min. For the Mito stress test, 1 μM oligomycin, 0.3 μM FCCP, and 0.5 μM antimycin A plus 0.5 μM rotenone were sequentially injected as indicated in [Fig. 2H](#F2){ref-type="fig"}; mix, wait, and measure durations were 90, 150, and 180 s, respectively. For the glycolysis stress test, 10 mM glucose, 1 μM oligomycin, and 50 mM 2-deoxyglucose were sequentially injected as indicated in [Fig. 2I](#F2){ref-type="fig"}; mix, wait, and measure durations were 90, 90, and 180 s, respectively. All injected reagents were from Sigma-Aldrich; assay protocols and reagent doses were determined on the basis of the manufacturer's guidance and a pilot experiment; all samples were run in technical quadruplicate.

Following data collection, cells were rinsed, incubated in 25 μl of radioimmunoprecipitation assay buffer per well (BioVision), and processed for measurement of protein concentration using a modified Lowry assay (DC Protein Assay; Bio-Rad), according to the manufacturer's protocol. Absorbance was measured using a FlexStation 3 microplate reader (Molecular Devices); samples were run in technical triplicate. OCR and ECAR data were then normalized to total protein abundance per well, to adjust for the presumed effect of increased cell volume on metabolic function ([Fig. 2, A and B](#F2){ref-type="fig"}). Metabolic data were analyzed using Wave 2.4 (Agilent Technologies).

Cell proliferation assay
------------------------

Cells were seeded in 24-well plates at a density of 10^4^ cells per well and cultured for 96 hours. As noted above for other cell count assays, we avoided hematocytometry and performed cell counts using low-magnification (4×) phase-contrast images of each well. We randomly selected four image fields per well, counted every cell in each field, and extrapolated to obtain an estimate of total cells per well.

Cell viability assay
--------------------

Cell viability was measured via lactate dehydrogenase release using the CytoTox-ONE homogeneous membrane integrity assay (Promega), according to the manufacturer's protocol. All samples were assayed in technical quadruplicate. Fluorescence was measured using a FlexStation 3 microplate reader (Molecular Devices).

Flow cytometry
--------------

Cells were washed and suspended in staining buffer (Hanks' balanced salt solution containing 2% FBS and 10 mM Hepes). For cell surface staining, single-cell suspensions were incubated with fluorochrome-conjugated antibodies. For intracellular staining, unstained or surface-stained cells were washed and then fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences) according to the manufacturer's instructions. The permeabilized cells were then incubated with unconjugated or fluorochrome-conjugated antibodies against the intracellular targets, washed, and resuspended in staining buffer. Where necessary, an additional incubation step with the appropriate secondary antibody was performed. All antibodies are listed in table S5. Cells were also incubated with 4′,6-diamidino-2-phenylindole (DAPI): A change in DAPI fluorescence intensity was used to gate live versus dead cells. Samples were run on a four-laser, 14-color LSR II instrument (BD Biosciences), and data were analyzed using FlowJo 8.7.1 (Tree Star). We used compensation (OneComp eBeads; eBioscience), isotype (table S5), and fluorescence minus one (FMO) controls.

Histology, immunocytochemistry, and immunohistochemistry
--------------------------------------------------------

Cultured cells (on various substrates in wells, dishes, or slide chambers) were rinsed with PBS and fixed using 2 to 4% paraformaldehyde. Native and engineered tissues were processed for paraffin (5-μm-thick) and frozen (8-μm-thick) sections. Routine hematoxylin and eosin (H&E) and Giemsa stains were used to assess tissue morphology and identify monolayered cells on cultureware, respectively.

Frozen sections used for immunostaining were incubated with 0.1% Triton X-100 for 15 min, Image iT-FX (Life Technologies) for 30 min, and Block ACE (AbD Serotec) and 5% donkey serum (Sigma-Aldrich) for 30 min. Fixed cells and sections were incubated with primary antibodies for 90 min followed by, where necessary, appropriate secondary antibodies for 90 min, with thorough wash steps between each incubation step. F-ACT was detected using rhodamine phalloidin (Invitrogen), according to the manufacturer's instructions. A complete list of antibodies (and the phallotoxin) is provided in table S6. Cells and sections (including nonimmunostained sections containing DiI-labeled cells) were counterstained with DAPI, covered with VECTASHIELD antifade mounting medium (Vector Laboratories), and coverslipped.

Paraffin sections used for immunostaining were first processed for antigen retrieval in a decloaking chamber (Biocare Medical) using 10 mM citrate buffer (pH 6.0). Sections were permeabilized using 0.2% Triton X-100 for 10 min and incubated with 10% BSA in PBS for 60 min to block nonspecific binding before incubation with rabbit anti-rat CD3 primary antibody for 60 min (table S6). Thorough washing was performed between each incubation step. For horseradish peroxidase (HRP)--based detection, endogenous peroxidase was quenched using 3% hydrogen peroxide in PBS. ImmPRESS anti-rabbit immunoglobulin G (IgG) HRP polymer was used for secondary detection (30 min of incubation) and the ImmPACT DAB kit was used to develop the signal, according to the manufacturer's instructions (all reagents from Vector Laboratories). Sections were counterstained with hematoxylin, dehydrated, cleared, and coverslipped.

Histological, immunocytochemical, and immunohistochemical images were captured using either a Nikon E600 upright microscope and an Olympus DP71 camera, or a Nikon Ti-S/L100 inverted microscope and a DS-Qi2 camera. Consistent exposure parameters were used for each immunostained protein of interest. Positive control cells and tissues (table S6) showed expected immunostaining patterns. Negative control sections, stained with an IgG isotype control or without the primary or secondary antibody, showed no immunoreactivity.

Proteomic analyses
------------------

Cells were lysed using 60 μl of 4% sodium dodecyl sulfate, 0.1 M tris-HCl (pH 7.5), and 0.1 M dithiothreitol; bath-sonicated for 3 min; and then heated to 95°C for 6 min. Next, 0.1% w/v deoxycholic acid in 8 M urea was added to a final volume of 600 μl. Cell lysates were then processed according to the enhanced filter-aided sample preparation protocol ([@R67]) using Amicon 0.5-ml 30,000 molecular weight cutoff (MWCO) centrifugal ultrafiltration units (EMD Millipore). Briefly, filters and collection tubes were passivated through overnight incubation with 1% CHAPS and thoroughly washed in Milli-Q water. Samples were loaded onto the filters, washed, reduced, alkylated with iodoacetamide, washed further, and then digested with trypsin \[40:1 (w/w) protein/enzyme ratio\] at 37°C overnight to generate peptides. These peptides, now small enough to pass through the MWCO filter, were collected in the filtrate following centrifugation, and 10% trifluoroacetic acid was added to a final concentration of 0.5%. Residual deoxycholic acid was removed via liquid-liquid extraction using ethyl acetate. Samples were evaporated to dryness in a SpeedVac, reconstituted in 180 μl of 0.1% trifluoroacetic acid, desalted using C18 Bond Elut OMIX 100-μl pipette tips (Agilent), and eluted with 0.1% trifluoroacetic acid in 70% acetonitrile. Last, peptides were dried in a SpeedVac and reconstituted in 5% acetonitrile and 0.2% formic acid.

Approximately 1 μg of reconstituted peptides, as estimated by a BCA assay (Pierce), was injected into a Waters nanoACQUITY HPLC coupled to an electrospray ionization ion-trap/Orbitrap mass spectrometer (LTQ Orbitrap Velos; Thermo Fisher Scientific). Peptides were separated at 60°C on a 100-μm-inner-diameter column packed with 20 cm of 1.7-μm ethylene-bridged hybrid C18 particles (Waters) and eluted at 0.3 μl/min in 0.2% formic acid with a gradient of increasing acetonitrile over 2.5 hours. A full mass scan \[300 to 1500 mass/charge ratio (*m/z*)\] was performed in the Orbitrap at 60,000 resolution. The 10 most intense MS1 peaks were selected for fragmentation by higher-energy collisional dissociation at 42% collision energy, and the resulting fragments were analyzed with a resolution of 7500 and an isolation width of 2.5 *m/z*. Dynamic exclusion was enabled with a repeat count of 2 over 30 s and an exclusion duration of 120 s.

The raw data files were analyzed using MaxQuant 1.5.3.30 ([@R68]) and the UniProt *Homo sapiens* database (20,278 reviewed canonical sequences; downloaded on 5 December 2013) supplemented with 262 common contaminant sequences. Precursor and fragment ion mass tolerances were set to 4.5 and 20.0 ppm, respectively; peptide and protein FDRs were set at 1%; fixed carbamidomethylation of cysteine, variable oxidation of methionine, and variable N-terminal acetylation were specified modifications; up to two missed tryptic cleavages were allowed; the minimum peptide length was set to seven amino acids; and a minimum of two unique peptides was required for protein identification. Protein groups containing matches to proteins from a reversed decoy database and to the contaminant sequences were discarded. The LFQ algorithm embedded in the MaxQuant software package was used ([@R40]). Quantification was limited to proteins identified in at least two independent biological replicates per condition; only unique and razor peptides were used; a minimum of two peptides per protein was required. Perseus 1.5.4.0 ([@R69]) was used for downstream data processing and analysis. LFQ intensities were log~2~-transformed, and missing values were inserted using data imputation based on an observed normal distribution, using an SD width of 0.5 and a mean distribution downshift of 1.8.

Protein array
-------------

Cells were seeded in 24-well plates at a density of 10^4^ cells per well, cultured in complete medium for 72 hours, rinsed with PBS, and then serum-starved for 24 hours. Culture supernatants were harvested, pooled across six biological replicates per cell type, and processed for measurement of cytokine concentrations using the Quantibody Human T helper cell 1(T~H~1)/T~H~2 Array 1 platform (RayBiotech), according to the manufacturer's instructions. Serum-free medium was used as a negative control and for serial dilution of cytokine standards. Each cytokine of interest was assayed in technical quadruplicate. The array was scanned and data were processed using Q-Analyzer software (RayBiotech).

Image analyses
--------------

In vitro wound repopulation analyses were performed using one low-magnification field (4×) per replicate; immunohistochemistry-based analyses of cell density and fluorescence intensity were performed using six non-overlapping, high-magnification fields (20×) per replicate.

For measurement of in vitro wound repopulation, 8-bit grayscale images of Giemsa-stained cells (encompassing the entire scratch) were analyzed using ImageJ ([@R70]). We implemented the following algorithm to control for any differences in basal cell density between replicates, as well as any change in background signal intensity in the wound region due to scratching the culture substrate. After setting thresholds to detect Giemsa-stained cells (applied consistently across all samples), mean signal intensity in the wound region (normalized to multiple cell-free background regions) was divided by mean signal intensity in a non-wound region of the same image (again, normalized to multiple cell-free background regions) and converted to a percentage.

For measurements of cell density and fluorescence intensity, 8-bit RGB (red-green-blue) images were analyzed using NIS-Elements Advanced Research 4.5 (Nikon). Fields were randomly selected from the region adjacent to the wound edge; negative (no-scratch) control fields were randomly selected from any image region. Cell density was measured by manual count of all DAPI^+^ nuclei; KI67^+^ cell density was measured by calculation of percent DAPI^+^ nuclei coexpressing KI67. Protein abundance was estimated by creating a binary layer, setting single-channel (red or green) thresholds to detect the target immunosignal (applied consistently across all samples), and measuring fluorescent signal intensity (percent positive pixels).

Statistical analyses
--------------------

Quantitative proteomic data (log~2~ LFQ intensity) were analyzed in Perseus 1.5.4.0 ([@R69]) using a 1% FDR, generated using an artificial within-groups variance (*S*~0~) of 1.0 and permutation analysis based on a two-sample Student's *t* test. Additional quantitative proteomic analyses were conducted in Perseus using hierarchical clustering and calculation of Pearson's *r*. Enrichment analysis of differentially abundant proteins was performed using the Enrichr algorithm ([@R71]) (based on Fisher's exact test with Benjamini-Hochberg adjustment) and Reactome database ([@R41]). Other statistical testing was performed using R ([@R72]). Metabolic, cell count, cell viability, and image analysis data were analyzed using a two-sample Student's *t* test in cases of two experimental groups or one-way analysis of variance (ANOVA) in cases of more than two experimental groups. In all ANOVA models, if the *F* test revealed a significant difference, pairwise comparisons were performed using Tukey's honest significant difference test. A preadjustment type I error rate of 0.01 was used; enrichment analyses were subject to an additional restriction of at least four protein identifications per pathway. All *P* values were two-sided.
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